Abstract. The aim of the research programme was to investigate flexural behaviour of steel fibre reinforced self-compacting concrete (SFRSCC). The specimens were in a form of slabs reinforced with steel fibres (of three lengths and two shapes) by volumes of 1.0% and 1.5%. Two methods of casting slabs were examined. The experimental tests performed on 80 specimens cut from slabs (1.2×1.2×0.15 m) involved tests of mechanical properties, digital image analysis (DIA), and X-ray computed tomography (XCT) procedures. Determination of distribution of fibres by DIA and XCT was required to assess relationships between mechanical properties and the casting methods. The tests were conducted according to RILEM TC 162-TDF (2002) and EN 14651:2005+A1:2007(E) recommendations. The study confirmed the technological problems associated with uneven distribution of steel fibres in SCC matrix. Based on the performed analysis, the flexural tensile strength of SFRSCC cannot be described with the formulas used for SFRC. Fibres are generally oriented parallel to the direction of concrete mixture flow in a mould. This phenomenon is influenced by fibre length and the location of concrete casting point (CCP). It was also demonstrated that the flexural behaviour of tested elements is influenced by CCP.
Introduction
Nowadays, the use of steel fibres for reinforcing concrete instead of traditional rebars is commonly met in pavements (Sorelli et al. 2006) , tunnel linings (Orbe et al. 2012) , and flat slabs (Destrée, Mandl 2008; Salehian, Barros 2015) . It is well known that the benefits of adding fibres to concrete (mainly the improvements in the post-peak response) are influenced by the fibre type, fibre content, fibre orientation, mix composition and compressive strength of concrete matrix (Zerbino et al. 2012; Jiaping et al. 2013) . Fibre distribution is an important aspect to be considered for designing and analysis of the structural response of fibre reinforced concrete elements (Goremikins et al. 2017) . Several authors dealing with specific structural steel fibre reinforced concrete (SFRC) applications have recognized the correlation between fibre distribution and properties of SFRCs in both fresh and hardened-state (Bywalski, Kamiński 2013; Ferrara, Meda 2006; Katzer, Domski 2012) . One can differentiate influence of fibre distribution on properties of SFRC due to: fibre orientation (1-dimensional, 2-dimensional and 3-dimensional) of uniformly distributed fibre and nonhomogeneous spacing of randomly distributed fibre. In majority of cases the non-homogeneous spacing of randomly distributed fibre caused by number of factors such as: mixing sequence procedures, concrete mix materials, concrete mix proportions, fibre volume, fibre aspect ratio and fibre material is the key technological issue. It influences the mechanical properties of specific elements cast from the same batch and make the creation of structural fibre reinforced concrete challenging. In case of ordinary concrete with fibre addition it is possible to limit the risk of occurring non-homogeneous spacing of randomly distributed fibre by careful mix design, preparation and compaction. The use of steel fibre reinforced self-compacting concrete (SFRSCC) calls for the whole new analysis of fibre distribution, especially in case of thin elements (Corinaldesi, Moriconi 2011; Khayat et al. 1997) . Experiments conducted with the aim of analysing the orientation of fibres in different thin SFRSCC structural elements were described by Orbe et al. (2012) . These results show that the fibre distribution in SFRSCC structural elements varies depending on the mix flow rate, the wall effect, the thickness of the elements and the proximity to the bottom of the moulds. The work conducted by Prasanth and Gettu (2008) on 4×5.3×0.10 m slabs, draws attention to the possible distortions of fibre distribution due to the way in which concrete is poured, the workers' actions, and the wall effects. In the field of SFRSCC, several authors discussed the influence of the casting process on fibres' orientation (Martinie, Roussel 2011; Laranjeira et al. 2012; Kulasegaram, Karihaloo 2013) . Other researchers studied the impact of fibre orientation on the mechanical response of structural elements (Zerbino et al. 2012; Boulekbache et al. 2010; Ferrara et al. 2011; Stähli et al. 2007) . It was concluded that the casting procedure can significantly affect the fibres' distribution and consequently the mechanical performance of the composite (Ferrara et al. 2011; Akcay, Tasdemir 2012; Hedebratt, Silfwerbrand 2014; Michels et al. 2012; Bywalski, Kamiński 2011) . Švec et al. (2014) demonstrated that the orientation of immersed steel fibres evolve in response to the flow of the SCC within the slab formwork. All described research programmes were limited by utilized methods of fibre distribution assessment. Accuracy of these methods influenced conclusions drawn from the research programmes and subsequent modelling. In authors' opinion a more comprehensive approach is needed for assessing fibre distribution in SCC matrix to achieve more accurate and homogenised results. Only complete knowledge about real fibre distribution will enable the development of efficient modelling procedures. These issues were addressed in the conducted research programme by combining two different testing methods. The conducted tests were focused on assessing distribution of fibres in thin SFRSCC structural elements. There were harnessed two independent methods: digital image analysis (DIA) and X-ray computed tomography (XCT). The tests were focused on SFRSCC slabs. The slabs were created using different fibre types, fibre volume and dosage of superplasticizer. The way of casting the slabs was also differentiated by location of concrete casting point (CCP). Multiple mechanical properties of hardened SFRSCCs were tested. The changes of the residual mechanical characteristics were of special interest. The distribution of fibre assessed using both DIA and XCT methods was compared with mechanical properties and locations of CCP.
Experimental programme
The research programme was conducted on SFRSCC mixes reinforced by three different types of produced on mass scale and commercially available steel fibres. The composition of the mixes was fixed (namely the proportions of aggregate, binder and water). The only variable was the volume of fibre. The amounts of used binder, aggregate, superplasticizer and stabilizer per one cubic meter were equal to 490 kg/m 3 , 1614.6 kg/m 3 , from 9.8 to 17.2 kg/m 3 , 1.96 kg/m 3 respectively. Half of the aggregate was in a form of fine aggregate (0-2 mm) and the other half was in a form of coarse aggregate (2-8 mm). Both used aggregates were of natural origin. The water/ cement ratio was equal to 0.41 for all mixes. Portland cement CEM I 42.5R was utilized as a binder. The cement was characterized by compressive strength of 24±2 MPa, 41±2 MPa and 52±3 MPa after 2, 7 and 28 days of curing respectively. Curing took place in lab conditions: temp. +20 °C ± 2 °C, r.h. 50% ± 5%. Initial setting time was equal to 170 minutes and final setting time was equal to 250 minutes. Other properties of this cement were thoroughly described in the previous publication (Ponikiewski, Katzer 2016). The superplasticizer was based on polycarboxylate ether (concentration: 20%). The base constituent of the stabilizer was synthetic co-polymer. The density of the superplasticizer and stabilizer were equal to 1.07 g/cm 3 and 1.01 g/cm 3 respectively. The superplasticizer was dosed in the amount of 2.0% and 3.5% (by weight of cement) in order to fit the slump flow range from 730 mm to 820 mm. A mix proportioning system proposed by Okamura and Ozawa (1995) was used. The system assumes a mix supply from ready-mixed concrete plant. The mixing procedure was as follows: 0 min -both aggregates were added; 1 min -cement was added; 2 min -70% of water and fibres were added; 3 min -20% of water and superplasticizer were added; 5 min -10% of water and stabilizer were added; 7 min -end of mixing. The research programme was carried out on crimped and hooked steel fibres as the most popular types of commercially available engineered steel fibres (Katzer, Domski 2012) . The geometrical and mechanical properties of used steel fibres are presented in Table 1 .
All three fibre types were characterized by very similar modulus of elasticity ranging from 201 GPa to 210 GPa. Two different volume fractions of steel fibres were added to SCC mix. These volumes of 1.02% and 1.53% (corresponding to dosages of 80 kg/m 3 and 120 kg/m 3 , respectively) cover most popular fibre additions used for reinforcing concrete in civil and structural engineering. The design of experiment consisted of six slabs (with dimensions of 150×1210×1240 mm) numbered 00, CI, CII, CIII, CIV and CV. Slab 00 was cast as an unreinforced matrix. Slabs CI and CII were reinforced by 1.02% of fibre F 50. Slabs CIII and CIV were reinforced by 1.53% of fibre F 20. Slab CV was reinforced by 1.53% of fibre F 35. In order to characterize the flow and workability of the fresh SFRSCC, the traditional slump-flow test was performed according to RILEM TC 145-WSM (2002) . The test enabled the confirmation of flowability of all mixes. Two parameters were measured during the test: the slump-flow diameter (SFD) and time to reach 500 mm spread (T 500 ). In this way the dosage of superplasticizer was "approved". The amount of added superplasticizer and properties of fresh SFRSCC mixes are summarized in Table 2 . As a structural model, SFRSCC slabs were chosen. The concrete mix was cast into the moulds from the edge point (slab CI, CIII and CIV) and central point (slab CII and CV). After hardening, slabs were cut into 16 beams with dimensions of 150×150×600 mm each. In total there were created 80 beams with. Code names of beams were created using symbol of a slab (CI, CII, CIII, CIV and CV) and a letter (from "A" to "P") associated with the location of a particular beam. The slabs' symbols with the location of concrete casting points and letter symbols of beams cut from the slabs are presented in Figure 1 . The adopted casting and cutting sequence was roughly following the procedure proposed by Švec et al. (2014) .
The chronology of the conducted test was as follows:
-14 days after casting some of the beams (CI.A-P and CII.A-P) were subjected to XCT imaging using an acquisition protocol described by Ponikiewski and Gołaszewski (2012) , Ponikiewski et al. (2011 Ponikiewski et al. ( , 2015 . The XCT scanner used for image acquisition was equipped with 64 rows of detectors, and the thickness of a series of reconstructed native CT scans was 0.625 mm (the width of a single detector). The penetration factor was an X-ray beam. The examined surface of each layer of concrete had dimensions of 150×150 mm. For each beam, the result consisted of a native series written in DICOM format with at least 950 images and a reconstructed series with at least 1500 images, taking into account the interval in the range of 50-80% of the thickness of the native layer. Parameters of acquisition were a lamp voltage of not less than 140 kV and a current strength of not less than 400 mAs (Ponikiewski, Katzer 2016 ). The tests were performed until the beam reached a central deflection of 5 mm. The deflection of the two opposite sides of the specimen was measured in the centre by LVDT sensor placed on the steel frame (Banthia, Trottier 1995) . During the tests the load-CMOD (crack mouth opening displacement) relations were recorded using a clip gauge attached at the knife-edge (Baar, Lee 2003) . After the three-point bending test, the beams were cut into 150×150×150 mm cubes and the compressive strength was tested. The compressive tests were performed using 3000 kN hydraulic compression testing machine with a constant strain rate -30 days after casting, some of the beams (CIII.A-P to CV.A-P) destroyed during three-point bending tests, were subjected to DIA. Specimens were prepared by cutting the beams in two and taking digital pictures of the achieved cross-sections. In order to assess the distribution of steel fibres, a special programme was adopted (Ponikiewski, Gołaszewski 2012) which defines the cut fibres' ends and describes their position in the specimen. The computing procedure consists of: creation of a virtual table of colours, elimination of those meshes which represent the values under the assumed limit, transformation of the table of colours into logic values (0 or 1), filling and rounding the contours of fibres and highlighting the results of image analysis (the values determining the amount of fibres present in every square are generated).
Test results and discussion
Test results of average compressive strength of SFRSCC and values of standard deviation (SD) associated with them are presented in Table 2 . The average compressive strength of SCC matrix was equal to 67.4 MPa and 69.4 MPa (fulfilling requirements for concrete strength class C50/60 according to EN 206-1). SFRSCCs were characterized by average compressive strength ranging from 71.3 MPa to 84.5 MPa (fulfilling requirements for concrete strength class from C55/67 to C60/75 according to EN 206-1). The increase of the average compressive strength, comparing to SCC matrix, was from 2.7% to 21.7%. Exemplary load-CMOD curves for beams cut from slabs CI, CIII and CV are presented in Figures 2-4 . The behaviour of SCC matrix specimens (slab 00) is typical for brittle material, with almost linear pre-peak parts of the load-CMOD curves. In the post-peak parts of the curves, the rapid decrease in load with increasing deflection was observed. In case of reinforced beams, the length of steel fibres did not significantly influence the flexural behaviour of the tested beams. The maximum load is observed in CCP (F 20 fibres -beams CIII.A and CIII.B) and increases with the growing distance from the CCP (F 50 fibres -beams CI.J, CI.K, CI.L, CI.M, CII.A, and CII.B, F 35 fibres -beams CV.O and CV.P, and F 20 fibres -beams CIV.O and CIV.P). Generally, the specimens with fibres F 50 show higher maximum load than those with fibres F 20 and F 35. This dependency increases as the distance from the CCP increases. The largest deflection at the maximum load (0.82 mm), was noted for specimens with fibres F 50 -slab CII (beams CII.A and CII.D) and slab CI (beam CI.A). The deflection at the maximum load in these cases was equal to 0.81 mm. The post-peak part of the load-CMOD curve differs greatly between three types of fibres. The beams In case of tested composites the type of steel fibre and distance from the CCP have a pronounced effect on the post-peak parameters. For almost all tested beams, the F 50 and F 35 steel fibres are more effective in improving the post-peak parameters than the F 20 fibres. Barros et al. (2005) suggested a linear relationship between the equivalent tensile strengths f eq,2 and f eq,3 while testing SFRC characterized by compressive strength greater than 25 MPa and reinforced by hooked steel fibre (l/d = 80 and l/d = 65) from 0.125% to 0.5%. A linear trend between f eq,2 and f eq,3 was also obtained by the authors. The value of f eq,3 is ranging from 48% to 89% of f eq,2 . These relations are presented in Figure 5 .
Only in case of slab CII the value of f eq,3 /f eq,2 ratio (89%) is close to these achieved by Barros et al. (2005) (ratio 99%). It means that up to the deflection δ 3 , the energy absorption capacity of tested SFRSCC is smaller than the energy absorption capacity of SFRC created by Barros et al. (2005) .
Contrary to SFRC cast by Barros et al. (2005) , in case of tested SFRSCC one cannot assume that the observations attributable to f eq,2 can be also applied to f eq,3 . Further considerations made by Barros et al. (2005) also suggested a linear trend between f R,1 and f R,4 (with f R,4 being at 93% of f R,1 ). The residual flexural tensile strength f R,4 of SFRSCC in question is from 20% to 59% of f R,1 (see Fig. 6 ). The scatter in the f eq,3 -f eq,2 and f R,1 -f R,4 relationships is clearly visible while analysing value of R 2 . It was ranging from 0.734 to 0.980 and 0.196 to 0.861 for the f eq,3 -f eq,2 and f R,1 -f R,4 relationships respectively. The value of R 2 achieved by Barros et al. (2005) for SFRC was equal to 0.933 for f eq,3 -f eq,2 and 0.821 for f R,1 -f R,4 relationships. It indicates that f R parameters of both types of fibre composites (SFRC and SFRSCC) are more susceptible to local irregularities of the F-δ curve. Comparing the R 2 values for SFRC and SFRSCC one can see that for f eq,3 -f eq,2 relationships between both types of fibre composite are characterised by similar scatter. The scatter for f R,1 -f R,4 relationships is much higher for SFRSCC (in some cases 4 times larger than for SFRC). In general the relationship between residual and equivalent flexural tensile strengths for SFRSCC is similar, but noticeably different from the one obtained by Barros et al. (2005) for SFRC. In case of f eq,3 -f eq,2 and f R,1 -f R,4 relationships, Barros et al. (2005) achieved following equations:
For the tested SFRSCCs, in case of f eq,3 -f eq,2 relationship the value of linear function ranges from 0.48 to 0.89, in case of f R,1 -f R,4 relationship the value of linear function ranges from 0.205 to 0.590. Thus both sets of Fig. 7 . Residual strengths f R,1 and f R,4 versus fibre density at the fracture surfaces relationships characterizing SFRCC are less steep than those describing SFRC created by Barros et al. (2005) .
The last stage of the research programme consisted of DIA and XCT tests on beams. DIA test was based on scanning polished surfaces of cross-sections of cut beams. At first the analysed part of the digital image was delineated and virtual palette of colours was created. Secondly the palette of colours was transformed into logic table containing only "0" or "1". In this way part of steel fibres were identified. In case of XCT method X-ray computed tomography scanner was harnessed to scan whole beams. The utilized scanner was equipped with 64 rows of detectors, 140 kV lamp voltage and 400 mA current strength. The penetration factor was an X-ray beam. For each tested beam the result consisted of 950 images written in DICOM (Digital Imaging and Communications in Medicine) format. Acquired images were processed by in-house built software. Both methods and performed fibre density computing following the testing procedure was thoroughly described by Ponikiewski et al. (2011 Ponikiewski et al. ( , 2015 and Rudzki et al. (2013) . In Figure 7 plots of the residual strengths f R,1 and f R,4 against the fibre density on the fracture surfaces (measured by DIA and XCT) are presented. As expected, a good relationship was found between these parameters. Both residual strengths increase with fibre density.
Comparing those strengths for pairs of slabs CI -CII and CIII -CIV one may note that slabs cast using central CCP are characterized by smaller scatter. Fibre density and strength class calculated according to "fib Model Code 2010" are presented in Table 3 . The strength class consists of two symbols -a number (from 1.0 to 8.0) and a letter ("a", "b", "c" or "d"). The number defines the strength interval in MPa -namely residual strength f R1k . The letter corresponds to the residual strength ratio f R3k / f R1k ranging from 0.5 to 1.4 and representing most common cases of softening of fibre reinforced concrete. One has to keep in mind that both residual strengths are determined according to EN 14651:2005+A1:2007 . The residual strengths f R1k and f R3k characterize the SFRC residual strength for SLS and ULS calculations respectively (di Prisco et al. 2009 ).
Only in case of slab CII all 16 individual beams could be described using strength class ranging from 3a to 6b. The average strength class (calculated using all results) is 5b. Slab CI differentiated from CII only by location of CCP is characterized by 6a average strength class but only 10 individual beams could be described using strength class (ranging from 4a to 7a). Only one beam cut from slabs CIII and CIV (reinforced by the shortest of the used fibre F20) is with strength class. This phenomenon is notable because the volume of fibre in slabs CIII and CIV is higher (V f = 1.5%) than in slabs CI and CII (V f = 1.0%). Fibre density is also higher in slabs CIII and CIV (0.93 № fibres/cm 2 and 0.87 № fibres/cm 2 , respectively) than in slabs CI and CII (0.61 № fibres/cm 2 and 0.53 № fibres/cm 2 respectively). A similar situation is taking place in case of fibre F 35. Slab CV (V f = 1.5%) is characterized by average strength class of 4a which is lower than strength classes of slabs CI and CII which are reinforced by smaller volume of fibre. Strength class-wise it can be stated that longer fibre is better for reinforcing SFRCSCC. Central location of CCP allows achieving more homogenised composites characterized by more uniform strength properties. It is worth noticing that in case of slab CI with strength class 6a and slab CII with strength class 5b the densities of fibre at the fracture surfaces are equal to 0.61 № fibres/cm 2 and 0.53 № fibres/ cm 2 , respectively.
Conclusions
The following conclusions can be drawn based on the experimental data obtained during this investigation:
-The location of CCP influences fibre distribution in the cast SFRSCC slabs. In case of tested composites central location of CCP allows to achieve more homogenised composites characterized by more uniform strength properties. -The length of steel fibres and distance from the CCP have noticeable effects on the post-peak behaviour of SCC flexural beams. The deflection-hardening response was observed in the case of SCC reinforced with F 50 steel fibres. -The relationship between the residual and equivalent tensile strengths proposed by Barros et al. (2005) for SFRC was not confirmed for the tested SFRSCC. -The density of fibres, achieved through DIA and XCT methods, proportionally reflects residual strength characteristics of all tested SFRSCCs. -Fibre type influences fibre density and variation of achieved density. -SFRSCCs with fibre F20 were characterized by the largest variation of fibre density (ranging from 0.5 to 1.5). -SFRSCCs with fibre F35 were characterized by the smallest variation of fibre density (ranging from 0.4 to 0.7).
